Binding of cocaine to the dopamine transporter (DAT) protein blocks synaptic dopamine clearance, triggering the psychoactive effects associated with the drug; the discrete drug-protein interactions, however, remain poorly understood. A longstanding postulate holds that cocaine inhibits DAT-mediated dopamine transport via competition with dopamine for formation of an ionic bond with the DAT transmembrane aspartic acid residue D79. In the present study, DAT mutations of this residue were generated and assayed for translocation of radiolabeled dopamine and binding of radiolabeled DAT inhibitors under identical conditions. When feasible, dopamine uptake inhibition potency and apparent binding affinity K i values were determined for structurally diverse DAT inhibitors. The glutamic acid substitution mutant (D79E) displayed values indistinguishable from wild-type DAT in both assays for the charge-neutral cocaine analog 8-oxa-norcocaine, a finding not supportive of the D79 "salt bridge" ligand-docking model. In addressing whether the D79 side chain contributes to the DAT binding sites of other portions of the cocaine pharmacophore, only inhibitors with modifications of the tropane ring C-3 substituent, i.e., benztropine and its analogs, displayed a substantially altered dopamine uptake inhibition potency as a function of the D79E mutation. A single conservative amino acid substitution thus differentiated structural requirements for benztropine function relative to those for all other classical DAT inhibitors. Distinguishing the precise mechanism of action of this DAT inhibitor with relatively low abuse liability from that of cocaine may be attainable using DAT mutagenesis and other structure-function studies, opening the door to rational design of therapeutic agents for cocaine abuse.
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Millions of individuals worldwide are addicted to cocaine, a public health crisis that also carries a substantial burden to society in the form of medical expenses, lost earnings, and increased crime associated with psychostimulant abuse. Although therapeutics including buprenorphine and methadone are clinically accessible to treat opiate abuse and addiction, no such Food and Drug Administration-approved medication is available for the treatment of cocaine addiction. Pharmacological and behavioral studies have established that the euphoric and addictive effects of cocaine are initiated by its binding to the dopamine transporter (DAT) protein, blocking clearance of dopamine from central nervous system synapses and thereby prolonging dopaminergic neurotransmission in brain areas associated with reward (Ritz et al., 1987) . The DAT is therefore a logical target for development of medications for cocaine abuse. Elucidating the relationship between the DAT and its substrates and inhibitors is essential, especially regarding cocaine points of contact with the DAT protein relevant to its inhibition of dopamine uptake.
Because dopamine and all classical DAT inhibitors possess a protonated nitrogen atom, a longstanding model for cocaine inhibition of dopamine uptake at DAT centers on competition between the positive charges of substrate and inhibitor for the negatively charged aspartic acid residue in the first transmembrane domain (TM 1) of the DAT (Carroll et al., 1992; Kitayama et al., 1992) . This residue is only one of two negative charges clearly predicted to lie in a transmembrane domain, and the positioning of a fully charged side chain in the hydrophobic lipid bilayer implies its contribution to a hydrophilic enclave found in a ligand or ion binding site. The model is based on the formation of an ion pair between the ␤-adrenergic receptor and its agonists (Strader et al., 1988) , and although the model seems to generally hold for G protein-coupled receptors that recognize amine-containing agonists and antagonists (Wang et al., 1991; Spalding et al., 1994; Surratt et al., 1994; Li et al., 1999) , a parallel among neurotransmitter transporter proteins is unsubstantiated. The premise has been tested at the level of the DAT inhibitor by synthesis of charge-neutral cocaine analogs. Sulfonylation of the tropane nitrogen atom of cocaine to neutralize the positive charge did not compromise the DAT binding affinity or dopamine uptake inhibition potency (DUIP) of the cocaine analog (Kozikowski et al., 1994) . Replacement of the same nitrogen atom with an uncharged oxygen atom to yield 8-oxanorcocaine (necessarily removing the N-8 methyl group) resulted in only 4-and 8-fold reductions in DUIP and binding affinity, respectively, relative to norcocaine (Kozikowski et al., 1999) . On the other hand, a similar 8-oxa modification of WIN 35,428 sharply reduced binding affinity and DUIP at the DAT. This deficit was fully compensated for by further replacing the p-fluoro substituent of the C-3 phenyl group with a chloride atom (Madras et al., 1996) and further improved with a 3,4-dichloro substitution (Meltzer et al., 1997) . Elimination of hydrogen bonding potential at the 8-position of WIN 35,428 by substitution of a carbon atom also substantially compromised affinity at the DAT. This affinity loss was also entirely reversed by additionally replacing the p-fluoro substituent of the C-3 phenyl group with a 3,4-dichloro moiety, or replacing the phenyl group with a 2-naphthyl moiety (Meltzer et al., 2000) . The effectiveness of these compounds in dopamine uptake inhibition at DAT was not reported (Meltzer et al., 2000) . Similarly modified methylphenidate analogs displayed DAT affinities indistinguishable from methylphenidate itself (Meltzer et al., 2003) . In contrast, replacement of the basic tropane nitrogen with a neutral functional group (e.g., N-formyl group or oxygen atom) in the benztropine class of DAT inhibitors substantially reduced DAT binding affinity (Agoston et al., 1997; Meltzer et al., 1997; Simoni et al., 2001) .
Alanine, glycine, or glutamate substitution of the TM 1 DAT aspartate, residue D79, was initially reported to substantially decrease DAT affinities for dopamine and WIN 35,428 (Kitayama et al., 1992) . In contrast, a recent mutagenesis study by authors of the present work indicated that the glutamate-substituted (D79E) DAT mutation had no effect on dopamine affinity or DUIPs for WIN 35,428 and cocaine, and decreased WIN 35,428 affinity by only 3-fold . The latter study cast doubt on the necessity of a dopamine-D79 ion pair, but it did not address whether the residue plays a role in recognizing the cocaine pharmacophore. DAT inhibitors containing modifications of three primary components of this pharmacophore-the positively charged tropane nitrogen atom, the seven-carbon tropane ring itself, and the aromatic substituent at the tropane C-3-position-were herein evaluated for binding affinity and dopamine uptake inhibition at the same D79 DAT mutants. Mutagenesis and Cell Transfections. All site-directed mutagenesis was conducted either as described previously (Surratt et al., 1994) or via the QuikChange (Stratagene, La Jolla, CA) method, following the kit protocol. Complementary DNA fragments containing the desired mutation were subcloned into a pIRESneo plasmid containing the WT DAT open reading frame minus the subcloned fragment, and the presence of an intact coding region lacking extraneous mutations was confirmed by DNA sequencing (University of Pittsburgh core facility) of the shuttled region and its splice junctions. When the wild-type DAT cDNA was originally subcloned into a plasmid, an HA epitope tag sequence was included immediately after the N-terminal methionine residue. Antibodies were not directed against the HA tag in the present study. This construct was pharmacologically indistinguishable from wild-type DAT (data not shown) and is referred to as "wild-type (WT) DAT" hereafter. A WT or mutant DAT plasmid was used to transfect COS-7 or CHO-K1 cells. COS-7 cells were cultured in "DMEM" (DMEM containing 20 mM L-glutamine plus 10% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin) at 37°C in 5% CO 2 in 750-cm 2 flasks. For CHO-K1 cells, DMEM was replaced with Ham's/F-12 medium. Stably transfected WT and D79E DAT CHO cell lines were prepared and maintained as described previously .
Materials and Methods

Materials
Transient transfection of COS cells either used a modification of the calcium phosphate method or was achieved with the Polyfect (QIAGEN, Valencia, CA) system. In the former, a 1.4-ml solution of 1 mM Tris-HCl buffer, pH 8.0, containing 1 mM EDTA, 250 mM CaCl 2 , and 20 g of plasmid DNA was added dropwise to a vortexed 1.4-ml solution of 50 mM HEPES buffer, pH 7.12, containing 280 mM NaCl and 1.5 mM Na 2 HPO 4 . After incubating at room temperature for 1 min without vortexing, the Ca 3 (PO 4 ) 2 -DNA fine precipitant was suspended by rapid pipetting, and 200 ml of the suspension was quickly added to each 35-mm well of a six-well polylysine-coated culture plate. Cell monolayers in each well were 30 to 40% confluent and were supplied with fresh DMEM 4 h before transfection; the DMEM was again replaced 12 to 18 h after transfection to remove Ca 2ϩ and unincorporated DNA. Transfected cell monolayers were used in pharmacological studies 72 h after initiation of transfection.
Immunocytochemistry and Confocal Microscopy. COS-7 cells were seeded on coverslips placed in six-well plates and grown to 40 to 60% confluence. Cells were transiently transfected on the following day with WT or D79 mutant DAT plasmids, or the vector control plasmid, using PolyFect reagent (QIAGEN). After 48 h, cells were fixed in 4% paraformaldehyde solution in PBS at room temperature for 15 min, rinsed once with PBS, and incubated with blockingpermeabilizing solution (5% goat serum, 1% bovine serum albumin, and 0.1% Triton X-100 in PBS buffer solution) for 45 min at room temperature. Cells were next incubated with rat monoclonal anti-DAT antibody (MAB369; Chemicon International, Temecula, CA) at 1:1000 dilution for 1 h. The anti-DAT antibody solution was aspirated and cells were washed five times with PBS containing 0.1% Triton X-100 and incubated with a mixture of secondary antibody (goat anti-rat Alexa Fluor 488; Molecular Probes, Eugene, OR) at 1:500 dilution and rhodamine phalloidin (Molecular Probes) at 1:250 dilution for 1 h. After three washes in PBS containing 0.1% Triton X-100 followed by two washes in PBS, coverslips were mounted on slides using GVA mounting solution (Zymed Laboratories, South San Francisco, CA) and left to dry overnight in the dark at 4°C. DAT protein was visualized using the Leica TCS-SP2 confocal laser microscope with a glycerin immersion 63ϫ objective. Alexa 488 was excited at 488 nm with an argon/krypton laser, and emission photons from 500 to 600 nm were accumulated by the photomultiplier tube. Rhodamine phalloidin was excited at 543 nm with a helium/neon laser, and emission photons from 550 to 650 nm were accumulated. The fluorophores were detected separately and overlay images were generated automatically by the imaging software.
[ 3 H]Dopamine Uptake. Assays were conducted with cell monolayers in six-well plates. The monolayer was washed 2 ϫ 2 ml with KRH buffer (25 mM HEPES, pH 7.3, 125 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl 2 , 1.2 mM Mg 2 SO 4 , 1.2 mM KH 2 PO 4 , and 5.6 mM glucose), and uptake was initiated by addition of 1 ml of 10 nM [
3 H]dopamine and 50 mM ascorbic acid in KRH to duplicate or triplicate cell monolayers. A time course was conducted for each DAT construct to determine when uptake velocity was in the linear phase, typically occurring at 5 min at 22°C. Uptake was quenched by washing the monolayer with 2 ϫ 2 ml of KRH ϩ ascorbic acid. Cell monolayers were solubilized in 0.5 ml of 1% SDS and transferred to scintillation vials for determination of incorporated tritium. Nonspecific uptake was assessed by inclusion of 30 M cocaine or 10 M mazindol, as appropriate. Uptake inhibition experiments included nonradioactive DAT uptake blockers at the following concentration ranges: cocaine, 10 nM to 100 M; WIN 35,428, 3 nM to 10 M; 8-oxa-norcocaine, 10 nM to 1 mM; 4-ARA-127, 10 nM to 100 M; mazindol, 3 nM to 10 M; methylphenidate, 3 nM to 10 M; benztropine, 0.1 nM to 30 M; 3␤-4Ј-chlorobenztropine, 1 nM to 30 M; 4Ј-chlorobenztropine, 0.1 nM to 30 M; 4Ј,4Љ-difluorobenztropine, 0.1 nM to 10 M; GBR-12,909, 0.1 nM to 10 M; rimcazole, 1 nM to 30 M; N-formyl-4,4Ј-difluorobenztropine, 10 nM to 1 mM; and 4-trifluoromethylbenztropine, 1 nM to 30 M. All inhibitors were preincubated 10 min with the cell monolayer before adding [ 3 H]dopamine. K i values for uptake inhibition were determined with GraphPad Prism (GraphPad Software Inc., San Diego, CA) 3.0 software.
Ligand Binding Assays.
[ 3 H]WIN 35,428 was the radioligand used for all experiments. Binding assays were conducted exactly as described above for the dopamine uptake assay except that [ 3 H]dopamine was replaced with 1 nM [ 3 H]WIN 35,428, and radioligand and nonradioactive competitor were incubated with cells for 15 min (the same incubation period allowed for an uptake blocker in the uptake assay). Nonradioactive competitor concentrations were as indicated above for uptake inhibition. Nonspecific binding was assessed by addition of 10 M mazindol except when mazindol was the drug tested, in which case, 30 M cocaine was substituted. For all binding assays, data were analyzed with GraphPad Prism 3.0 software to obtain K d , K i , and B max values. Molecular Modeling. Molecular modeling studies used SYBYL 7.0 (Tripos, St. Louis, MO) package software using a Silicon Graphics workstation. Standard Tripos forcefield and Gasteiger Marsili charges were used for all energy calculations. The X-ray crystal structure of 4,4Ј-difluorobenztropine was used to generate scenarios for all other compounds by superimposition of the nonhydrogen atoms of the tropane ring (Kulkarni et al., 2004) . The electrostatic potentials were mapped for Connolly surfaces using the MOLCAD module of the SYBYL software, and the MVOLUME routine was used to compute essential regions of the "receptor".
Results
A recent rat DAT D79 residue site-directed mutagenesis study by this laboratory demonstrated that [ 3 H]dopamine uptake by DAT was retained (albeit 4-fold less efficiently) only with the glutamate-for-aspartate (D79E) substitution at this position; alanine (D79A) and asparagine (D79N) mutants were expressed but nonfunctional . The present study adds a DAT mutant with a leucine substitution at this position (D79L), directly addresses binding of a radiolabeled inhibitor at WT and D79 DAT mutants, and pharmacologically characterizes functionally active mutants with a broader spectrum of DAT blockers. Relative to WT DAT, only the D79E DAT mutant displayed detectable specific binding of [ 3 H]WIN 35,428 (Fig. 1) . All DAT protein constructs were observed to colocalize with a marker at the cell plasma membrane (Fig. 2) . Previous biotinylation/Western blotting experiments confirmed that WT and D79 mutant DAT proteins were expressed and glycosylated to a similar extent and that only D79N DAT sustained a notable decrease in cell surface expression . With the possible exception of D79N DAT, the radioligand binding deficits for the DAT mutants were not due to cell surface targeting defects. The D79A, D79L, and D79N DAT mutants could not be further characterized due to the inability to detect either radioligand specific binding (Fig. 1) or [ 3 H]dopamine uptake (data not shown; Wang et al., 2003) . The D79L mutation provides a leucine side chain substitution that approximates the length and steric bulk of aspartate but removes hydrogen bonding potential and the negative charge. The D79N mutation additionally provides hydrogen bonding potential similar to aspartate. Thus, it seems that a negative charge at position 79 of DAT is necessary for recognition of the cocaine analog [
3 H]WIN 35,428. WT and D79E DAT stably transfected CHO-K1 cell lines were previously generated and characterized with respect to binding affinity for, and dopamine uptake inhibition potency . Additional structurally diverse DAT inhibitors (Fig. 3) The DUIPs of additional DAT inhibitors including 8-oxanorcocaine, the piperidine-based WIN 35,428 analog 4-ARA-127, rimcazole, and GBR-12909 were unaffected by the D79E DAT mutation (Fig. 4; Table 1 ). The result mirrored those for the previously studied inhibitors WIN 35,428, mazindol, and methylphenidate (cocaine sustained only a 2-fold potency decrease) . The exception to this trend was benztropine, the DUIP of which increased 8-fold with the D79E substitution ( Table 1 ). The pattern of binding affinities 3-to 4-fold higher than the DUIPs at WT DAT displayed by cocaine, WIN 35,428, mazindol, and methylphenidate also held for 8-oxa-norcocaine and rimcazole. Benztropine, in contrast, displayed general agreement between the WT DAT binding and uptake K i values, and binding affinity was 2-fold lower than DUIP for 4-ARA-127 and GBR-12,909. Binding affinities and DUIPs matched at D79E DAT for cocaine, WIN 35,428, mazindol, methylphenidate, and 4-ARA-127. Binding affinity was 2-to 4-fold higher than DUIP for 8-oxa-norcocaine and rimcazole at D79E DAT, and 3-fold lower than DUIP for GBR-12,909 and benztropine at this mutant transporter.
Because only the DUIP of benztropine was affected by the D79E DAT mutation, the pharmacology of structural analogs of this drug was further investigated at WT and D79E DAT. Interestingly, widely divergent DUIPs ranging from 15 to 964 nM at the wild-type transporter were unified to approximately 20 nM by the conservative D79E substitution ( Fig. 5 ; Table 2 ). Within this series, only 4Ј,4Љ-difluoroBZT and GBR-12,909 were unaffected by the mutation with respect to DUIP or binding affinity. These compounds share the 4Ј,4Љ-difluorophenylmethoxy moiety previously demonstrated to provide optimal DAT binding affinity (van der Zee et al., 1980; Newman et al., 1995) . Replacement of the N-methyl group of 4Ј,4Љ-difluoroBZT with the charge-neutral N-formyl group, however, dramatically reduced DUIPs at both WT and D79E DAT, and this reduction was 13-fold more severe at the WT DAT. The benztropine analog 4Ј-trifluoromethylBZT, possessing a larger and electronically rich aryl substituent, also diverged from the "20 nM DUIP" D79E DAT pattern. The 3␤-4-chlorobenztropine compound, unique among the benztropines tested for its opposite stereochemistry at the 3-position of the tropane ring of the diphenylmethoxy moiety, yielded a DUIP of approximately 20 nM at D79E DAT, which required a 37-fold DUIP increase over that of the WT DAT.
In contrast to the DUIP values, apparent binding affinities of the benztropine analogs were typically not dramatically altered by the D79E mutation. Only 3␤-4-chloroBZT and N-formyl-difluoroBZT registered 3-and 5-fold increases, respectively ( Fig. 5; Table 2 ). Rimcazole, a distant benztropine relative, exhibited a unique pharmacological profile in that the D79E DAT mutation impacted neither DUIP nor binding affinity, yet DUIP was 3-to 4-fold lower than binding affinity at each construct (Table 1) . As evidenced by benztropine and its analogs, a correlation was therefore detected between modifications of the tropane ring C-3-position of cocaine and modifications of the DAT D79 side chain with respect to the potency of DAT blocking drugs in eliminating DAT-mediated translocation of [ 3 H]dopamine into the cell.
Discussion
A TM 1 aspartic acid residue (position 79 in the DAT) is conserved among the Na ϩ /Cl Ϫ -dependent transporter proteins that conduct the aromatic monoamine neurotransmitters dopamine, norepinephrine, epinephrine, and serotonin across the plasma membrane. This side chain has been proposed to serve as the counterion for the positively charged nitrogen atom shared by all classical DAT inhibitors, including cocaine (Carroll et al., 1992) . Alanine, leucine, asparagine, or glutamate substitutions at this position were generated to assess the importance of side chain length, hydrogen bonding potential, and negative charge for recognition of . This stably transfected D79E DAT cell line was used with a range of DAT blockers either structurally dissimilar to cocaine or containing variations of the three primary components of the cocaine pharmacophore: the positively charged tropane nitrogen atom, the tropane ring, and the C-3 aromatic substituent.
To eliminate the positive charge of cocaine, N-8 of the tropane ring was replaced with an oxygen atom, a modification previously shown to spare binding and DUIP at WT DAT (Kozikowski et al., 1999) . The DUIP of 8-oxa-norcocaine was unaffected by the D79E mutation, and binding affinity decreased by less than 4-fold (Table 1) . By extending the side chain by one carbon, some steric hindrance should be introduced to the ligand binding cavity if indeed this residue is so situated. That the DUIP of this charge-neutral cocaine analog is not altered by an allegedly more crowded binding pocket is inconsistent with (but not exclusive of) the postulate that a salt bridge between the D79 residue and the N-8 atom is a critical DAT-cocaine interaction. The 8-oxa-norcocaine compound mirrored cocaine in that K i values suggest its affinity to be severalfold greater than its DUIP at WT DAT and in that its affinity and DUIP values were less than 2-fold apart at D79E DAT.
To address the criticality of the cocaine tropane ring with respect to the D79 side chain, a piperidine ring was substituted. Kozikowski and colleagues have demonstrated that piperidine-based cocaine analogs are effective in blocking binding of DAT ligands or dopamine uptake at the DAT (Kozikowski et al., 1998) , indicating that the tropane ring of cocaine is not absolutely required for cocaine action at the transporter. The compound used in the present work, 4-ARA-127, is a WIN 35,428 analog that lacks the 6,7-bridgehead of the tropane ring and contains a p-chlorophenyl instead of a p-fluorophenyl substituent on what would be C-3 of the tropane ring (Fig. 3) . The D79E mutation had little or no effect on the pharmacology of this piperidine-based cocaine analog (Table 1) . GBR-12,909 and rimcazole also contain a structurally more flexible piperazine ring in place of the tropane ring, and again, the mutation did not affect the DAT pharmacology of these drugs (Table 1 ). These findings suggest that the role of the D79 residue may not include recognition of the tropane ring (or piperidine/piperazine ring replacement) of these DAT inhibitors.
The aromatic group at the tropane C-3 position was anticipated to be most sensitive to alterations of the DAT D79 side chain. Recent work from this laboratory indicates that the D79 residue may be more likely to contribute to binding of the aromatic moiety of dopamine, contrary to the postulate that the aspartate side chain found at this position in the monoamine transporters forms an ionic bond with the protonated amine of the substrate (Kitayama et al., 1992; Barker et al., 1999) . In this scenario, ionic/hydrogen bonds formed between D79 and one or more TM domain residues or pore loops extending into the lipid bilayer would serve as "struts" supporting an aromatic binding site. An "aromatic pocket" role for the DAT D79 residue is consistent with the fact that the aspartate is conserved among the Na ϩ /Cl Ϫ -dependent neurotransmitter transporters of substrates bearing an aromatic moiety. A glycine residue replaces the aspartate for members of the same transporter family that recognize nonaromatic substrates that nevertheless retain the protonated amino group . For an inhibitor that directly blocks dopamine binding at a DAT site in which the D79 residue is crucial, an aromatic ring would be the more logical primary pharmacophore for this role. An aromatic moiety is necessary at the tropane C-3 position of cocaine for DAT inhibition, and even for inhibitors lacking the tropane structure an aromatic ring is required (Carroll et al., 1992; Newman and Kulkarni, 2002) . It was therefore of interest to explore in depth the contribution of the tropane C-3 substituent to DAT inhibition by testing benztropine, possessing one of the more profound structural variations of this portion of the pharmacophore, with the D79E mutant. Indeed, of nine structurally diverse DAT blockers initially studied, only the DUIP of benztropine was notably altered by the D79E mutation (Table 1) .
That benztropine and several of its analogs yielded the same DUIP at D79E DAT despite often very different DUIPs at WT DAT ( Table 2 ) may suggest that the mutation influences recognition of the common diphenylmethoxy pharmacophore. Unlike WT DAT, the D79E DAT protein was generally tolerant of diphenylmethoxy ring substituents, especially surprising considering the marked reorientation of the diphenylmethoxy moiety in the 3␤-4Ј-chlorobenztropine derivative. Via one of several possible mechanisms (discussed below), the D79E substitution seems to have enhanced DAT interaction with the diphenylmethoxy moiety and at the same time provided a "roomier" binding pocket for this functional group that accommodates different halogen substituents and ring orientations. Both of the phenyl rings of benztropine may simultaneously contribute to inhibition of D79E DAT, but likely not when in the same plane. The structurally constrained 3␤-benzsuberone analog of benztropine displayed substantially lower affinity than the parent compound . Similarly, the phenyl rings of rimcazole are fused and thus constrained in space by a bond that creates an intervening pyrrole ring. Comparing results (Table 1) for rimcazole to those for GBR-12,909, its closest structural analog in this study, suggests that the phenyl rings must be able to rotate freely for potent dopamine uptake inhibition at the DAT. Comparative molecular field analysis modeling of benztropines also argues that the relative orientation of the phenyl rings is important for DAT affinity Kulkarni et al., 2004) .
The pharmacological distinctions observed here between the benztropine analogs and other DAT inhibitors are consistent with reports that benztropine uses a DAT binding site distinguishable from the other blockers. Newman and colleagues have identified dissimilarities between benztropine and cocaine actions at the DAT via distinctive structureactivity relationship profiles (Newman and Kulkarni, 2002) . In addition, benztropine altered the accessibility of alkylation agents to wild-type DAT cysteine residues in a pattern distinct from the pattern generated by cocaine, WIN 35,428, and mazindol (Reith et al., 2001) . The latter study demonstrated a primary alkylation pattern difference at C90, a DAT extracellular loop cysteine residue that immediately follows TM 1. Moreover, benztropine and GBR-12,909 affinities, but not those of cocaine or WIN 35,428, were Na ϩ -dependent at W84L DAT, a mutation of a TM 1 residue only five positions away from D79 (Chen et al., 2004) . Finally, subsequent proteolysis of wild-type DAT protein crosslinked to photoaffinity-radiolabeled analogs of benztropine and a GBR series compound yielded a radioactive polypeptide fragment containing TM domains 1 and 2. In contrast, a photoaffinity-radiolabeled WIN series compound lacking the diphenylmethoxy moiety yielded a DAT proteolysis fragment that included TM domains 4 to 7 (Vaughan et al., 1999) .
From these structure-activity studies and the data herein, the influence of particular functional groups within the C-3 position of the pharmacophore seems to be weighted toward the aromatic ring system. In the benztropine class, the 4Ј,4Љ-difluorophenyl ether provides optimal binding affinity at WT DAT. Molecular modeling of benztropine and its most divergent analogs with respect to WT versus D79E DAT pharmacology suggests that C-3 aromatic substituents that reduce DUIP at DAT fall outside of the optimal binding pocket. The same is true for the neutral tropane N-formyl group of the N-formyl-difluoroBZT compound (Fig. 6) . Considering the significant-to-profound DUIP increases for these compounds with the D79E mutation, it may be that the benztropine binding pocket is modified by the mutation to increase tolerance for these C-3 or tropane nitrogen modifications. Regarding the latter, it is possible that the cocaine and benztropine recognition sites of DAT differ in that D79 contributes to recognition of the C-3 aryl ring of cocaine, but the tropane nitrogen of benztropine.
The mechanism by which the D79E mutation influences the DAT binding affinities of the various inhibitors tested remains unclear. For cocaine, WIN 35,428, mazindol, and methylphenidate, this mutation had little or no effect on DUIP, yet the binding affinities were reduced 3-fold or more so that they matched the DUIP K i values. An explanation consistent with this result is that the mutation eliminates the DAT site, conformation or population responsible for higher affinity binding of these drugs, while sparing the site/conformation/population primarily responsible for inhibition of dopamine uptake . The 8-oxanorcocaine results are also in agreement with this hypothesis (Table 1) . For benztropine and structurally analogous DAT inhibitors, however, binding affinities and DUIPs at WT DAT were lower than, or at best, equal to, those at D79E DAT (Table 2) . Moreover, binding affinities and DUIPs for these compounds at D79E DAT were nonidentical. For these drugs, the DAT site/conformation/population responsible for higher affinity inhibitor binding is likely to be different from that for cocaine and may be affected differently by the D79E substitution. Conceivably, benztropine and its analogs displace [ 3 H]WIN 35,428 at a DAT population unrelated to that at which they primarily inhibit uptake of [ 3 H]dopamine, explaining why the binding affinity and DUIP values are not identical within the same DAT construct.
The idea of separate DAT populations, as opposed to simply multiple binding sites or conformations, is consistent with the observations that the DAT and other monoamine transporter proteins form functional homo-oligomeric complexes (Kilic and Rudnick, 2000; Hastrup et al., 2003) as well as complexes with membrane and cytoskeletal proteins (Torres et al., 2001; Lee et al., 2004) . At least one of these proteins, the soluble N-ethylmaleimide-sensitive factor attachment protein receptor SNARE protein syntaxin 1A, has been shown to inhibit substrate uptake via direct interaction with GABA, glycine, serotonin, and norepinephrine transporters, all members of the Na ϩ /Cl Ϫ -dependent transporter family that includes the DAT (Geerlings et al., 2000; Sung et al., 2003; Hansra et al., 2004) . It is possible that the D79E mutation yields a DAT conformation that disallows or promotes complexes with endogenous factors (Ramsey and DeFelice, 2002) . Such TM 1 mutations have been observed to alter Na ϩ or Cl Ϫ binding, in turn altering inhibitor affinities (Mager et al., 1996; Barker et al., 1999; Chen et al., 2004) ; thus, the D79E mutation could manipulate availability of DAT sites, conformations, or populations in this way. The "DAT populations" explanation for the present findings is also preferable to one merely involving multiple ligand binding sites or conformations of the same DAT molecule because the DUIP for cocaine at CHO cells stably transfected with WT DAT fluctuated with cell state, yet cocaine binding affinity was static (O. T. Ukairo., C. D. Bondi, and C. K. Surratt, manuscript in preparation).
Clinically useful therapeutics that would combat the actions of cocaine, amphetamines, and other psychostimulants at the level of the dopamine transporter are currently unavailable and desperately needed. The development of drugs, including cocaine and benztropine analogs, that inhibit the DAT and yet do not display behavioral profiles similar to cocaine in animal models (Newman et al., 1994; Newman and Kulkarni, 2002; Woolverton et al., 2002; Kozikowski et al., 2003; Desai et al., 2005) suggest that such a medication is attainable. By combining medicinal chemistry efforts with DAT structure-function molecular pharmacology, computeraided rational design of agents that counter the actions of abused psychostimulants should be feasible. 
